Introduction
Modification of metal surfaces with organic molecules has received widespread attention in the physical sciences for decades because the covalent addition of ligands can impart unique electronic and physical properties, colloidal stability, and functionality. [1] [2] [3] [4] Expanding the range of possible chemical modifications to surfaces is an important area in many disciplines including nanomaterials 5-7 and medicine. [8] [9] [10] [11] Self-assembled monolayers (SAMs) of organic ligands are well-organized, well-packed, and immobilized when conjugated directly to a metal surface, and electroactive ligands will relay signals to the metal upon structural changes. 12 The modification of planar metal surfaces for applications in electrochemical analysis of local environments has led to the development of small molecule 13,14 and biological 15, 16 sensors that can provide information about analyte presence and concentration through a conductive metal. The exploration of tethering ligands with different functional groups and chemical properties is highly important to expand the library of detectable analytes, make devices more sensitive and accurate, and reduce their cost.
Tellurium, the fifth-row member of the chalcogen family, has unique chemical properties that would be valuable as part of a metal-ligand system. Its capabilities as a sensor when incorporated into various inorganic nanocrystalline assemblies such as cadmium, 17-21 copper, 22, 23 nickel, and cobalt 24 have been studied in the past several years. Despite this, tellurium has yet to be examined in organometallic or organic ligand-metal systems. Its expanded valence, metalloid nature, and ability to exist in multiple oxidation states as a part of an organometallic molecule have found applications in biotechnology and a wide range of electronic devices. 25 expands the environments in which a tellurophene-based sensor can be used. The ability to tether a tellurophene to a metal will also contribute to the library of metal-ligand systems and nanostructured assemblies.
In order to tether a tellurophene to gold, a commonly examined metal surface, a pendant thiol is required. Although a wide variety of substituted tellurophenes including thioesters 51 have been synthesized, the lack of synthetic methods to access thiol-modified tellurophenes has prevented tellurophenes from being tethered to gold surfaces thus far. To our knowledge, there has been only one report of a thiol-containing tellurophene, in which a cysteine group recognizes β-galactosidase as part of a tellurophene mass cytometry probe. 52 Multiple routes to symmetrical tellurophenes are well developed 53, 54 and may be applied to synthesize a thiol-modified tellurophene. Symmetry is undesirable in this study as the molecule must bond to the gold on only one end while the other end extends to face the solution; therefore, an alternative synthetic route is required.
Here we report the synthesis of a thiol-modified tellurophene and its self-assembly into a monolayer on a gold electrode. This work expands the scope for the synthesis of asymmetric tellurophenes, specifically and importantly the installation of a thiol group which is required for their investigation as SAMs.
Experimental

General Considerations
All chemical reagents were obtained from Sigma Aldrich and used as received unless otherwise stated. All dry solvents were obtained using an Inert Technology solvent purification system. 1 H and 13 C NMR spectra were obtained using a Varian Mercury 400 (400 mHz) spectrometer in CDCl 3 with TMS as an internal standard, 125 Te NMR spectra were obtained using an Agilent DD2-600 (600 mHz) spectrometer in CDCl 3 with TMS as an internal standard, and mass spectrometry was performed using a Waters GCT Premier TOF mass spectrometer in electron ionization mode. Optical properties of the thiol modified tellurophene were measured using a Varian Cary 5000 UV-vis-NIR spectrophotometer in double-beam mode in a quartz cuvette. Electrodes and their polishing supplies were purchased from CH Instruments.
Electrochemistry
Electrochemical measurements were performed using a BASi Epsilon potentiostat. All cyclic voltammetry experiments were performed using a three-electrode cell under ambient conditions, and all potentials were referenced to an internal Ag/Ag + standard. Gold button electrodes were used to determine the ability of the ligand to modify the metal surface in MilliQ Before use, gold electrode surfaces were cleaned by polishing with 0.05 µm alumina powder, rinsing with MilliQ purified water, and drying with a stream of argon. To form a selfassembled monolayer, the gold electrode was submerged overnight in a covered solution of the tellurophene ligand dissolved in chloroform. The electrode was then rinsed repeatedly with chloroform to wash away any ligand that was not covalently adsorbed, rinsed with MilliQ purified water, and dried with a stream of argon.
X-Ray Photoelectron Spectroscopy
Silicon wafers with 50 nm of gold were cut into strips using a diamond scribe. The substrates were submerged overnight in a covered concentrated solution of the tellurophene ligand in chloroform. Spectra were collected using a ThermoFisher Scientific K-Alpha XPS.
Results and Discussion
Molecular Design
The asymmetrical tellurophene molecule was designed to have a terminal thiol and a hydrophilic solubilizing group on opposite ends. A bi-dentate ligand would form an arc around the gold surface, blocking additional ligands from adsorbing underneath it while still allowing small molecule analytes to reach the gold surface. A single thiol on one terminus is therefore crucial for the formation of a full monolayer. It is important to note that it is not necessary for the free ligand to be water-soluble, but for the ligand to extend outward in aqueous solution while tethered to the gold electrode. This will prevent the ligand from collapsing along the metal or coiling into itself, better allowing the tellurophene to interact with its local environment.
Additionally, if a monolayer has not fully formed, an extended ligand will allow small analytes D r a f t 7 to approach the metal while a ligand collapsed on the surface will block them. Therefore, this solubilizing segment ensures equal surface blockage in all solvents.
Although tellurophene offers advantages over thiophene and selenophene, such as its reversible oxidation, it is less aromatic with shorter carbon-chalcogen bonds, less stable, 55 and more susceptible to degradation. Substituting the 2 and 5 positions with phenyl groups extends the conjugation length 56 and alleviates this issue. A minimum of one phenyl spacer group is therefore desirable on the side of the solubilizing group to promote ligand stability. Synthetic routes to a ligand that includes a second phenyl group on the thiol side of the tellurophene were considered to further increase its stability. Routes without a second phenyl group were also considered because increased distance between the electroactive site and the electrode decreases the efficiency of direct electron transfer. 57 The synthesized ligand meeting each of the above requirements and its conjugation to a gold electrode is depicted in Figure 1 .
Synthesis
The first consideration was to choose a synthetic route that can access an asymmetric tellurophene. Stille coupling and ipso-arylation were considered as they can result in asymmetric tellurophenes if molar ratios are carefully controlled. 58, 59 Alkyne coupling followed by a ring closing reaction with tellurium was preferable due to lower toxicity, higher stability, and more facile purification. An asymmetric Cadiot-Chodkiewicz coupling using a copper (I) catalyst was selected to first give an asymmetric diyne that could undergo ring-closing. This required the synthesis of two alkyne coupling partners, one of which is brominated. Using methyl triethylene glycol as the solubilizing agent, modified alkyne 2 was accessible in two steps. It was then chosen as the brominated coupling partner due to the ease of its synthesis. The synthesis of the D r a f t 8 brominated solubilizing and stabilizing alkyne 3 was therefore accomplished in three steps from 4-iodophenol (Scheme 1).
To reduce the number of linear synthetic steps, we first attempted to synthesize a second alkyne coupling partner containing a thioacetate and planned to reduce it to a thiol during the self-assembly process. This would allow tellurium insertion to be the last synthetic step.
Attempts to synthesize a thioacetate with a terminal alkyne began with a substitution of the proton of 1 with 1,3-dibromo propane to form 8 (Scheme 2). Following alkyne deprotection to form 9, the resulting terminal bromine could be substituted with thioacetate to form 10. Attempts to deprotect the alkyne in THF and methanol failed, so 9 and 10 were inaccessible by these methods. A second phenyl group was predicted to be disadvantageous for electron transfer;
therefore, all other synthetic routes used a short, flexible alkyl chain between the tellurophene and thiol to minimize the distance between the tellurophene heterocycle and the gold surface. A successful route to a thioacetate containing alkyne 11 was found by substituting propargyl bromide with potassium thioacetate in 75% yield. Cadiot-Chodkiewicz coupling between 11 and 3 was unsuccessful, likely due to sulfur poisoning the copper catalyst. 60 This led us to conclude that the alkyne coupling must occur before the thiol modification.
In our adopted synthetic pathway that allowed us to access a thiol-modified asymmetric tellurophene, 1-butynol was coupled with 3 to produce a diyne with a terminal alcohol (4). Here, two routes to access the final tellurophene were considered. The first was through a tellurium ring closing reaction followed by thioacetate substitution using a Mitsonobu reaction. The second was through the Mitsonubu reaction first, then forming the tellurophene ring with a thioacetate group present. It was more likely that the tellurophene would be tolerant to
Mitsonobu conditions than a thioacetate or thiol would be to tellurium ring closing conditions; D r a f t therefore, the ring closing reaction was performed next (Scheme 3). Compound 5 was formed in a 60% yield which was then taken forward to form the thioacetate 6. The use of DIAD resulted in the formation of a high-mass side product that had the same solubility and co-eluted with 6 using all attempted purification methods, preventing isolation of the thioacetate for self-assembly studies ( Figure S1 ). Reducing the thioacetate to thiol 7 caused it to lose its solubility in methanol, allowing it to be isolated from the methanol-soluble impurity by repeated washing with solvent.
Although some compounds were formed in poor yield (Table 1) , a route to thiol-modified tellurophenes was discovered.
Optical Characterization
Most tellurophene derivatives that are substituted with phenyl groups in the 2 and 5
positions have maximum optical absorbance between 330 and 365 nm with extinction coefficients between 21,300 and 31,200 L mol -1 cm -1 . 29 In contrast, tellurophene 7 has a maximum absorbance at 309 nm and an extinction coefficient of 14,000 L mol -1 cm -1 . Both of these differences from previously reported compounds were attributed to the tellurophene being substituted with one phenyl and one alkyl chain rather than two phenyl groups. This decreased the conjugation length and caused the observed blue-shift as well as a decrease in extinction coefficient.
Monolayer Formation
To confirm the tellurophene ligand is able to conjugate to a gold electrode, XPS may be used to confirm the presence of tellurium on a gold-coated silicon substrate. A control substrate was submerged in chloroform and covered overnight to provide a baseline for comparison. The experimental substrate was submerged in a concentrated solution of the tellurophene ligand in chloroform and covered overnight. After monolayer formation, the Te elemental composition by D r a f t atomic % increased from 0% to 2.18% at the Te 3d peak at 573.65 eV (Figure 3) . Additionally, the Au 4f peak at 83.99 eV decreased from 44.27% to 1.88%, indicating the increased presence of other elements on the surface ( Figure S12 ). The presence of tellurium and the decrease in the elemental gold atomic % confirm the ability of the ligand to conjugate to gold surfaces.
Next, an electrochemical assay was used to determine that a robust monolayer had been formed. 61 As a control, a bare gold electrode was submerged in 0.1 M K 3 Fe(CN) 6 with 1 M KCl in water, and the [Fe(CN) 6 ] -3/-4 redox couple was examined to provide a baseline cyclic voltammetry measurement. As the potential was swept positively to +0.6 V and negatively to -0.2 V, we observed peak oxidation and reduction currents of 0.5 and -0.6 mA respectively with a half wave potential of +0.262 V over three cycles under ambient conditions. (Figure 2 ).
Following the submersion of a freshly polished and clean gold electrode in a tellurophene ligand solution overnight, cyclic voltammetry was used to examine the extent of self-assembled monolayer formation. It was expected that the monolayer will fully cover the surface of the gold from the outside, preventing the gold electrode from interacting with K 3 Fe(CN) 6 . Therefore, it was expected that significantly less electrochemical activity will be observable by a cyclic voltammetry measurement. This was indeed our observation; oxidation and reduction peaks were reduced after the electrode was soaked for 24 hours in a dilute ligand solution and were indistinguishable after soaking for 24 hours in a concentrated solution, forming a complete monolayer. At the expected half-wave potential of +0.262 V, the currents were below 100 µA after 24 hours of submersion of the gold electrode in a concentrated solution of the tellurophene ligand. The small observable current values were likely due to residual non-Faradaic current rather than incomplete surface coverage; otherwise, distinct oxidation and reduction peaks would still be observable. The disappearance of oxidation and reduction peaks as well as the decrease in D r a f t current confirms a monolayer of tellurophene ligand formed on the gold surface of the electrolyte.
Conclusion
An asymmetrical thiol-modified tellurophene was synthesized through CadiotChodkiewicz coupling of alkynes. Multiple synthetic routes were explored, and alkyne coupling followed by tellurium insertion, thioacetate substitution, and reduction to a thiol was a successful approach to synthesizing a thiol-modified tellurophene. The reported ligand has a higher energy absorption and lower extinction coefficient than tellurophenes disubstituted with phenyl derivatives due to the lower conjugation length. The ability of the tellurophene ligand to conjugate to gold was confirmed using XPS, and formation of a monolayer on the surface of a gold electrode was confirmed with a cyclic voltammetry blocking experiment. This work allows for the expansion of the library of self-assembled materials and development of tellurophene probes and sensors using metal-ligand systems. 
